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University of Nebraska, Lincoln, Nebraska 68588, USA
(Received 14 January 2022; revised 24 May 2022; accepted 31 May 2022; published 23 June 2022)
We propose to use the Hall response of topological defects, such as merons and antimerons, to spin currents
in two-dimensional magnetic insulator with in-plane anisotropy for identification of the Berezinskii-KosterlitzThouless (BKT) transition in a transistorlike geometry. Our numerical results relying on a combination of Monte
Carlo and spin dynamics simulations show transition from spin superfluidity to conventional spin transport,
accompanied by the universal jump of the spin stiffness and exponential growth of the transverse vorticity
current. We propose a superfluid spin transistor in which the spin and vorticity currents are modulated by changes
in density of free topological defects, e.g., by injection of vorticity or by tuning the in-plane magnet across the
BKT transition by changing the exchange interaction, magnetic anisotropy, or temperature.
DOI: 10.1103/PhysRevResearch.4.023236
I. INTRODUCTION

Spintronics has emerged as a field addressing the need
for low-power nanoelectronic devices by encompassing many
recent developments in condensed matter physics [1,2]. Spin
degree of freedom, which is quantum in nature, also offers unique opportunities in studies of quantum materials
[3]. The Berezinskii-Kosterlitz-Thouless (BKT) transition has
been theoretically predicted in the two-dimensional (2D) XY
model [4,5], but substantial experimental progress has been
achieved so far in nonmagnetic systems such as thin films
of superfluids/superconductors [6–10] and superconducting
arrays [11,12]. Designing unambiguous experiments in magnetic systems is of high importance and spintronics methods
seem to be suitable for identifying signatures of the BKT
transition [13–15]. Recent experiments on magnetic van der
Waals (vdW) materials such as NiPS3 , CrBr 3 , and CrCl3 further motivate theoretical research of magnetic BKT transition
[16–18].
The difficulty in detecting magnetic BKT transition arises
due to absence of the long-range order parameter characteristic to phase transitions within the Landau paradigm [19,20].
Instead, the low temperature region below the BKT transition
is associated with appearance of bound topological defects.
Above the BKT transition, the behavior is determined by
exponentially increasing the density of unbound topological
defects. Recent theoretical works have addressed behavior of
spin and charge currents in the vicinity of magnetic BKT transition [13–15]. The behavior of spin current is of particular
interest due to apparent analogy to superfluid transport described by the U (1) phase gradient [13]. Spin superfluid transport has been proposed in collinear [21–28] and noncollinear
[29,30] magnets and realized in recent experiments [31,32].
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Transport signatures can be used for identification of the
BKT transition, e.g., as has been established in literature on
superconducting systems. While applying these ideas to magnetic insulating systems one needs to be aware of differences
such as the nonconservation of spin currents [13], the coupling
to phonons, and the presence of merons rather than vortices
as topological defects. This warrants both identification of
new physics and development of new methods for studying
relevant magnetic systems.
In this work, we propose to use transport signatures of
the Hall response of topological defects, such as merons and
antimerons, as a hallmark of the BKT transition. Starting
from the Landau-Lifshitz-Gilbert type phenomenology, we
derive the constitutive phenomenological relations [13] describing the vorticity and spin currents in insulating magnetic
systems in the presence of Gilbert damping and spin nonconservation. We confirm these relations and a possibility of
long range spin superfluidity below the BKT transition by
employing a combination of Monte Carlo and spin dynamics simulations. We propose a superfluid spin transistor (see
Fig. 1) in which spin current is modulated by tuning in-plane
magnet below or above the BKT transition, e.g., by changing
the exchange interaction, magnetic anisotropy, or temperature.
Spin current injected through lead can propagate in the spin
superfluidity regime below the BKT transition while spin
current will exponentially decay above the BKT transition.
The presence of transverse vorticity current can be detected
using a top ferromagnetic contact in Fig. 1. Alternatively, the
spin superfluid current can be modulated in Fig. 1 by injection
of vorticity by the bottom ferromagnetic metal contact magnetized along the z axis via charge current flow through the
ferromagnet.

II. SPIN AND VORTICITY TRANSPORT
FROM SPIN DYNAMICS

We consider a magnetic insulator with the in-plane
magnetic anisotropy at finite temperature described by the
Published by the American Physical Society
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nonconservation of spin in discrete form:
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(3)
∂t ρis + ∇ i · jsi, j = αs z · Si × ∂t Si ,

where ∇ i · fi, j = a12 j∈N (i) (ri − r j )fi, j . In the long wavelength limit, Eq. (3) can be written as ∂t ρ s + ∇js = −ρ s /τ
as follows from a relation, z · S × ∂t S ∝ ρ s , applicable to
dynamics in the vicinity of the in-plane configuration.
For each plaquette labeled by left and lower lattice
v
site,
 we can1 define the vorticity density according to ρi =
i, j∈P (i) 2πa2 (z · Si × S j ), where P (i) denotes all edges of
plaquette i and the ordering of edge indices corresponds to
ri − r j pointing along the counterclockwise walk around the
plaquette (see Fig. 1). Using these definitions, we can immediately obtain a discretized relation between the vorticity and
the spin current:

Pt

x

ρ

2
<,>

<,>

ferromagnec metal
FIG. 1. Schematic plot of the system. Spin current is injected
into an easy-plane magnet using a heavy metal such as Pt. Spin
and vorticity currents, and vorticity density are shown for a single
plaquette. The vorticity current can be detected by a ferromagnetic
metal contact magnetized along the z axis. The spin current can be
modulated by tuning the in-plane magnet below or above the BKT
transition via modifications of exchange interactions and anisotropy,
e.g., by the gate modulated electrical field-induced strain or direct
electrical-field-induced modifications of exchange interactions and
anisotropy (the gate is assumed in the x-y plane). Alternatively, the
spin superfluid current can be modulated by injection of vorticity by
the bottom ferromagnetic metal via charge current flow through the
ferromagnet.

Hamiltonian:
  2


Six S xj + Siy S yj + λSiz S zj + 2Jβ
Siz , (1)
H = −J
i, j

i

where J > 0 [33] is the ferromagnetic exchange interaction
and dimensionless parameters λ (0  λ < 1) and β describe
the magnetic anisotropy. Such anisotropic interactions can
be realized in 2D vdW magnets [34]. Note that Eq. (1) can
lead to both in-plane vortexlike solutions as well as stable
meronlike solutions [35]. The spin dynamics is determined by
the discrete version of the Landau-Lifshitz-Gilbert equation:
s(1 − αSi ×) ∂t Si = Si × Hi ,

(2)

where s is the spin density,
Hi = Hieff + Hith includes the
J 
eff
effective field Hi = a2 [ j∈N (i) (S xj , S yj , λS zj ) − (0, 0, 4βSiz )]
with N (i) denoting the nearest neighbors, Hith is the thermal
field describing the Langevin force, and α is the Gilbert damping. Note that the Gilbert damping term and the Langevin
force could correspond to weak coupling to external degrees
of freedom such as phonons. For simplicity we assume a
square lattice; however, our approach can be generalized to
other lattices.
In the absence of coupling to external degrees of freedom,
we can define the spin current for Hamiltonian (1) according
to continuity equation ∂t ρ s + ∇ · js = 0. Using the finite difference approximation with ρis = sSiz , one can show that the
spin current associated with each bond can be expressed as
jsi, j = aJ2 (ri − r j )(z · Si × S j ) (see Fig. 1). Using Eq. (2), we
can write down modification of the continuity equation due to

(4)
where ∂S is defined by a set of bonds forming a closed path.
Note that Eq. (4) in the long wavelength limit becomes ρ v =
z · (∇ × js )/2π J, which is analogous to relation between the
Cooper charge current and the superconducting vorticity in
the theory of superconducting films.
In addition to spin current, we also associate a conserved
vorticity current with each bond. The vorticity current is
1
defined for each bond as jvi, j = 2πa
2 z × (ri − r j )[z · (Si −
S j ) × ∂t (Si + S j )] [36]. By using the discrete representation,
one can confirm the following relation:
jvi, j =



1
z × ∂t jsi, j + J∇ i, j [z · S × ∂t S] ,
2π J

(5)

where ∇ i, j f = ( fi − f j )(ri − r j )/a2 . Note that the same
combinations related to spin density appear in the right-hand
sides of Eqs. (3) and (5). Thus Eq. (5) in the long wave1
length limit becomes jv = 2πJ
z × (∂t js + v 2 ∇ρ s ), which is
analogous to relation between the vorticity current, the Cooper
charge current, and the charge density in the description of superconducting films. The continuous versions of Eqs. (3), (4),
and (5) have been written in Ref. [13] by employing analogies
between superconducting films and easy-plane magnets.
We assume that spin is injected into 2D magnetic insulator
by using the spin Hall effect at the left edge and detected by
using the inverse spin Hall effect at the right edge; see Fig. 1.
Alternatively, we also consider a setup in which spin currents
with opposite polarizations are injected from the left and right
edges while a top ferromagnetic contact (Fig. 1) is used to
measure the vorticity current. Note that we only excite dynamics close to the in-plane configuration by choosing sufficiently
weak injected currents.
To model the injection of spin current, we assume that
spins on a square lattice closest to the injector will experience
the spin-orbit torque,
τ so =

ϑ jc
m × [m × z],
a

(6)

as well as an additional Gilbert damping, α  = h̄g↑↓ /4π ,
where g↑↓ is the effective spin mixing conductance and ϑ
is the effective spin Hall coefficient, i.e., j s = ϑ j c . When a
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contact is only used as a spin current detector, the closest spins
will also experience an additional Gilbert damping, α  .
III. PHENOMENOLOGICAL DESCRIPTION

To understand the behavior of the 2D magnetic insulator
across the BKT transition, we study the spin and vorticity current responses. To describe the system phenomenologically in
the long wavelength limit, one needs to supplement Eqs. (3)
and (5) with the phenomenological equation describing the
Magnus force on topological defects [13,37]:
jv = μn f js × z,

(7)

where n f is the total density of combined free topological
defects with positive and negative vorticity and μ is their
mobility. The spin and vorticity current responses undergo
changes as temperature changes across the BKT transition.
At T > TBKT , the behavior is dominated by the temperature dependence√of the free topological defect density, i.e.,
n>f ∝ exp(−2b/ T /TBKT − 1) [38]. At T < TBKT , there are
no free topological defects; however, the presence of spin
current can break some bound pairs of opposite vorticity
resulting in the density [13] n f ∝ exp(− F/kB T ), where
F ≈ π K̃ ln(J s / j s ) is the free energy barrier for the process
of unbinding a pair and J s is a phenomenological parameter
describing modification of the free energy due to the Magnus
force, which results in n<f ∝ ( j s /J s )π K̃/kB T [13,39]. Here K̃
is the vortex-renormalized spin stiffness for which at the BKT
temperature we have a relation π K̃/2 = kB TBKT .
Combining Eqs. (3), (5), and (7) one can obtain equations for spin current in the dc limit for T > TBKT ,
>

j = (λ ) ∇(∇ · j ),
s

2

s

(8)

>

where λ = (2π αsμn>f )−1/2 , and for T < TBKT [13],


js
Js

π K̃/kB T



js
js
<
2
= (λ ) ∇ ∇ · s ,
Js
J

1
L

L

j v dx.

(13)

0

This vorticity response can be detected by a ferromagnetic
metallic contact in Fig. 1. In particular, an exchange coupling between ferromagnetic metal and magnetic insulator
will result in electromotive force [40], ε = ηjv × M; here
η is a phenomenological parameter quantifying the strength
of coupling and M is the magnetization along the z axis.
This translates into a measurable voltage in the ferromagnetic
contact given by V = ηLMJ v .
For simplicity, we assume g̃ = 0 as it leads to a small correction for small g̃. We assume injection of spin current from
both sides in Fig. 1, i.e., j1s = j2s . By integrating Eqs. (8) and
(9) and using Eq. (3), we obtain the vorticity Hall responses
for T < TBKT ,
Js
J =
π αs
v

[ j(0)]2ν − [ j(L/2)]2ν
√ <
νλ L

Lj
<
λ

1

J s [ j(0)]ν
(14)
√
π αs νλ< L

Lj
<
λ

1

J s [ j(0)]2ν−1
,
π αs 2(λ< )2
(15)

≈

(9)

<

j s (0) = j1s + g̃∂x j s |x=0 ,

(10)

j s (L) = j2s − g̃∂x j s |x=L ,

(11)

where g̃ = aα  /α and we also consider a possibility of spin
current injection from the right lead in Fig. 1.
The algebraic decay of spin current at large L for T < TBKT
can be obtained by analyzing Eq. (9) (see Appendix A). When
g̃ = 0 and j1s = 0 by integrating Eq. (9), we obtain an expression for the reduced spin current j = j s /J s expressed in
terms of the inverse function j(x) = f −1 (x):
1 1
1
j 2ν
j
,
,
1
+
;
−
,
F
1
∂x j|x=0 2
2 2ν
2ν
kν

Jv =

≈

where λ = ( j s /J s )π K̃/2kB T (2π αsμn<f )−1/2 . These equations can be supplemented with the boundary conditions for
our setup in Fig. 1 by using Eqs. (2), (3), and (6):

f ( j) =

dition j(L) = j2s /J s can be used to find ∂x j|x=0 . For small
g̃/L, we treat g̃/L as a small parameter in the first order
expansion j(x) = j (0) (x) + (g̃/L) j (1) (x) to find the spin current injected in the opposite lead, j(0) = g̃∂x j (0) |x=0 . When
j2s = 0 we replace x by L − x in Eq. (12), use boundary condition j(0) = j1s /J s , and obtain j(L) = −g̃∂x j (0) |x=L . Note
that Eq. (12) shows algebraic asymptotic behavior for the spin
current detected in the lead opposite to the injection lead,
i.e., j s [L] ∝ g̃L ν/(1−ν) at large L [13]. More general boundary
conditions (10) are discussed in Appendix A. The exponential
>
decay of spin current, j s [L] ∝ exp(−L/λ ), for T > TBKT can
be easily obtained by solving Eq. (8) describing spin diffusion.
We characterize the vorticity response using the averaged
vorticity Hall current defined by relation

and for T > TBKT ,
Jv =

L
>
λ

1

L
>
λ

1

≈
≈

1 j s (0)
π αs λ> L

(16)

1 j s (0)
. (17)
π αs 2(λ> )2

These equations demonstrate that the vorticity Hall response
dependence on injected spin current changes across the BKT
transition from linear to nonlinear behavior with the power
factor determined by the spin stiffness. Furthermore, it should
be possible to determine the transition temperature by fitting
the vorticity Hall response to temperature dependence deter>
mined by λ above the BKT transition.
IV. NUMERICAL RESULTS AND DISCUSSIONS

(12)

where ν = 1 + π K̃/2kB T , k = (λ< )2 (∂x j|x=0 )2 , and 2 F 1 (. . . )
stands for the hypergeometric function. The boundary con-

1
j s (0)
>
π αs λ L coth(L/2λ> )

The spin dynamics simulations corresponding to Eq. (2)
are performed from 100 initial configurations using the MUMAX3 [41] code with the Gilbert damping α = 0.001. The
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FIG. 2. Rernormalized spin stiffness, K̃, in the vicinity of the
BKT transition. The blue line corresponds to the anisotropy β =
0.05. The red line corresponds to the anisotropy β = 0.1. Arrows correspond to estimated BKT temperatures. The dashed line,
2kB T /π , can be used to estimate the position of universal jump of
the spin stiffness.

initial configurations for spin dynamics simulations are obtained by using the feedback-optimized parallel tempering
Monte Carlo simulations [42] on 200 × 200 lattices with
periodic boundary conditions where 106 metropolis updates
per spin have been performed to equilibrate the system (see
Appendix B). Averaging over initial configurations and time
averaging are performed after we reach a steady state in the
spin dynamics simulations (see Appendix C for a snapshot of
magnetic texture obtained by the spin dynamics simulation).
As an output, we calculate averaged quantities  j s av and
ρ s av , where the latter can be related to the vorticity current
using Eq. (5). To obtain results in Figs. 2 and 3, we perform
spin dynamics simulations on lattices with the longitudinal
size of 1600 sites, periodic boundaries, and boundary conditions in Eqs. (10) and (11) with g̃ = 0, j1s = j2s . In Fig. 4, we
use a variable longitudinal size of up to 4000 sites with spin
injection only on the left side (see Fig. 1).
To obtain the renormalized spin stiffness in the vicinity
of the BKT transition in Fig. 2, we use Eq. (7) and perform

FIG. 3. Circles show numerical results for the vorticity Hall response as a function of temperature where J0v = J/(2π αsa2 L). Lines
show fit to Eq. (16). (a) Fitting for anisotropy β = 0.05 leads to
estimate kB TBKT /J ≈ 0.61 ± 0.01. (b) Fitting for anisotropy β = 0.1
leads to estimate kB TBKT /J ≈ 0.65 ± 0.01.

FIG. 4. Spin current j s (L) for different system sizes when spin
current j s (0) is injected on the left. We consider in-plane anisotropy
β = 0.1 and take T = 0.62J/kB < TBKT for the upper plot and T =
0.71J/kB > TBKT for the lower plot. Lines are the fit to Eq. (12).
Curves demonstrate crossover from exponential to algebraic decay.

numerical simulations for different values of spin and vorticity
currents. In our calculations, we concentrate on effects of
magnetocrystalline anisotropy β. The exchange anisotropy λ
(not shown) gives qualitatively similar results, also consistent
with other approaches in the limit of large S [43,44]. Due
to finite size effects in Fig. 2, we observe a gradual decay
of the spin stiffness instead of the universal jump [45]. In
Fig. 3, we study the behavior of the vorticity Hall response
above the BKT transition. By fitting to Eq. (16), we estimate
BKT temperatures for the in-plane anisotropies β = 0.05 and
β = 0.1, where the latter estimate is in agreement with previous results [46]. In Fig. 4, we numerically study propagation
of spin current in the in-plane magnet. We inject spin on
the left side and assume g̃ = 0. Up to the leading order for
small g̃, we can estimate spin current on the opposite side as
j s (L) = −g̃∂x j s |x=0 . This spin current is plotted in Fig. 4 as a
function of system size L, along with a line fit to the result of
Eq. (12). We observe a clear crossover from diffusive to spin
superfluid transport.
V. CONCLUSIONS

We have developed a description of 2D magnetic insulators based on a combination of Monte Carlo and spin
dynamics simulations in the presence of Gilbert damping
and spin nonconservation. Electrical and strain control of
magnetism in vdW magnets, e.g., by using electrical-fieldinduced strain or direct electrical-field-induced modifications
of exchange interactions and anisotropy, is an active topic
of research [47–52]. Through renormalization of exchange
and anisotropy, a change in compressive strain of 0.5% is
sufficient to change the BKT temperature by 10 K in CrCl3
according to recent DFT calculations [53]. Such strain modulation is available, e.g., by using a piezoelectric strain cell [54]
potentially allowing electrical control of spin and vorticity
flows in a transistorlike geometry by tuning an in-plane magnet across the BKT transition. Furthermore, the same setup
can be used for measuring the Hall response of topological
defects, such as merons and antimerons, in a form of vorticity current that exhibits changes across the BKT transition.
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Alternatively, the spin superfluid current can be modulated by
controlling the density of free topological defects via injection
of vorticity by the ferromagnetic metal. Finally, the changes,
associated with crossover from spin superfluidity to conventional spin transport, universal jump of the spin stiffness, and
exponential growth of the transverse vorticity current, can be
used for identifying the presence of the BKT transition in a
transport experiment relying on techniques commonly used in
spintronics.
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FIG. 5. Specific heat C in units of kB per spin as a function
of temperature in units of J/kB for different magnetic anisotropies
expressed in terms of dimensionless parameter β.

APPENDIX A: GENERAL SOLUTION FOR j s (x)

For T < TBKT the (one-dimensional) transport of the spin
current j s is described by Eq. (10):
( j)1+2TBKT /T = (λ< )2 ∂x2 j,

(A1)

where j = j s /J s . Multiplying both sides by ∂x j and integrating between x and arbitrary point x0 gives a separable, first
order differential equation:
1 2ν
1
( j − j 2ν |x=x0 ) = (λ< )2 [(∂x j)2 − (∂x j|x=x0 )2 ], (A2)
2ν
2
which after separation results in
j(x)
j(x0 )

|k|
= ± √ < (x − x0 ),
νλ
+1

dj
j 2ν
k2

(A3)

function of x the right side must be as well, and the correct
solution requires the + (−) sign. If both regions with the +
and − sign are present, the general solution can be found
by treating these regions separately and then linking the solutions.

APPENDIX B: SPECIFIC HEAT CALCULATIONS
FOR DIFFERENT ANISOTROPIES

In Fig. 5, we calculate the specific heat using the feedbackoptimized parallel tempering Monte Carlo simulations [39] on
200 × 200 lattices with periodic boundary conditions, where
106 metropolis updates per spin have been performed to

where k 2 = ν(λ< )2 (∂x j|x=x0 )2 − j 2ν |x=x0 . The integral on the
left may be calculated exactly in terms of the hypergeometric
function:

1
xα
1
dx
+ const, (A4)
= x 2 F 1 1/2, , 1 + ; −
α
α
c
xα
+
1
c
∞

2 F 1 (a, b, c; z) =

(c)  (n + a) (n + b) n
z , (A5)
(a) (b) n=0
(n + c)n!

which leaves us with a transcendental equation:


1
1
j 2ν  j(x)
j 2 F 1 1/2, , 1 + ; − 2

2ν
2ν
k
j= j(x0 )
|k|
= ± √ < (x − x0 ),
νλ

(A6)

which may be solved numerically for j(x). Note that there
is still some ambiguity in the choice of sign on the right
hand side. This may be resolved by taking the behavior of
the function on the left into account.
From the derivative, we can see that for finite j > 0 the
function j 2 F 1 (. . .) is a monotonically increasing function of
j. Therefore, in regions where j is an increasing (decreasing)

FIG. 6. Snapshot containing three meron-antimeron pairs obtained by spin dynamics simulations at T = 0.2J/kB for anisotropy
β = 0.1. Color indicates the sign and magnitude of vorticity density.

023236-5

SCHWARTZ, LI, AND KOVALEV

PHYSICAL REVIEW RESEARCH 4, 023236 (2022)

equilibrate the system. As expected, the specific heat shows
a peak that is shifted with respect to the position of the
BKT transition. We observe agreement with results reported
in Refs. [40,43].

vorticity density:
ρiv =



1
(z · Si × S j ),
2π a2
i, j∈P (i)

To visually assess the presence of merons and antimerons,
we can take snapshots from spin dynamics simulations. Locations of defects can be further determined by calculating the

where P (i) denotes all edges of plaquette i and the ordering
of edge indices corresponds to ri − r j pointing along the
counterclockwise walk around the plaquette (see Fig. 2 in the
main text). In Fig. 6, we plot a snapshot of magnetic texture
containing 100 × 100 magnetic moments. Color indicates the
sign and magnitude of vorticity density.

[1] A. Hirohata, K. Yamada, Y. Nakatani, I.-L. Prejbeanu, B. Diény,
P. Pirro, and B. Hillebrands, Review on spintronics: Principles
and device applications, J. Magn. Magn. Mater. 509, 166711
(2020).
[2] A. Fert and F. N. Van Dau, Spintronics, from giant magnetoresistance to magnetic skyrmions and topological insulators, C.
R. Phys. 20, 817 (2019).
[3] W. Han, S. Maekawa, and X.-C. Xie, Spin current as a probe of
quantum materials, Nat. Mater. 19, 139 (2020).
[4] V. L. Berezinskii, Destruction of long-range order in onedimensional and two-dimensional systems having a continuous
symmetry group I. Classical systems, Sov. Phys. JETP 32, 493
(1971).
[5] J. M. Kosterlitz and D. J. Thouless, Ordering, metastability and
phase transitions in two-dimensional systems, J. Phys. C: Solid
State Phys. 6, 1181 (1973).
[6] I. Rudnick, Critical Surface Density of the Superfluid Component in 4 He Films, Phys. Rev. Lett. 40, 1454 (1978).
[7] D. J. Bishop and J. D. Reppy, Study of the Superfluid Transition in Two-Dimensional 4 He Films, Phys. Rev. Lett. 40, 1727
(1978).
[8] K. Epstein, A. M. Goldman, and A. M. Kadin, VortexAntivortex Pair Dissociation in Two-Dimensional Superconductors, Phys. Rev. Lett. 47, 534 (1981).
[9] A. F. Hebard and A. T. Fiory, Evidence for the KosterlitzThouless Transition in Thin Superconducting Aluminum Films,
Phys. Rev. Lett. 44, 291 (1980).
[10] M. Mondal, S. Kumar, M. Chand, A. Kamlapure, G. Saraswat,
G. Seibold, L. Benfatto, and P. Raychaudhuri, Role of the
Vortex-Core Energy on the Berezinskii-Kosterlitz-Thouless
Transition in Thin Films of NbN, Phys. Rev. Lett. 107, 217003
(2011).
[11] D. J. Resnick, J. C. Garland, J. T. Boyd, S. Shoemaker, and R. S.
Newrock, Kosterlitz-Thouless Transition in Proximity-Coupled
Superconducting Arrays, Phys. Rev. Lett. 47, 1542 (1981).
[12] J. B. Hansen and P. E. Lindelof, Static and dynamic interactions
between Josephson junctions, Rev. Mod. Phys. 56, 431 (1984).
[13] S. K. Kim and S. B. Chung, Transport signature of the magnetic Berezinskii-Kosterlitz-Thouless transition, SciPost Phys.
10, 068 (2021).
[14] R. E. Troncoso, A. Brataas, and A. Sudbø, Fingerprints of Universal Spin-Stiffness Jump in Two-Dimensional Ferromagnets,
Phys. Rev. Lett. 125, 237204 (2020).
[15] B. Flebus, Magnetoresistance driven by the magnetic
Berezinskii-Kosterlitz-Thouless transition, Phys. Rev. B
104, L020408 (2021).

[16] K. Kim, S. Y. Lim, J.-U. Lee, S. Lee, T. Y. Kim, K. Park, G. S.
Jeon, C.-H. Park, J.-G. Park, and H. Cheong, Suppression of
magnetic ordering in XXZ-type antiferromagnetic monolayer
NiPS3 , Nat. Commun. 10, 345 (2019).
[17] M. Kim, P. Kumaravadivel, J. Birkbeck, W. Kuang, S. G. Xu,
D. G. Hopkinson, J. Knolle, P. A. McClarty, A. I. Berdyugin,
M. B. Shalom, R. V. Gorbachev, S. J. Haigh, S. Liu, J. H. Edgar,
K. S. Novoselov, I. V. Grigorieva, and A. K. Geim, Micromagnetometry of two-dimensional ferromagnets, Nat. Electron. 2,
457 (2019).
[18] A. Bedoya-Pinto, J.-R. Ji, A. K. Pandeya, P. Gargiani, M.
Valvidares, P. Sessi, J. M. Taylor, F. Radu, K. Chang, and S. S. P.
Parkin, Intrinsic 2D-XY ferromagnetism in a van der Waals
monolayer, Science 374, 616 (2021).
[19] N. D. Mermin and H. Wagner, Absence of Ferromagnetism
or Antiferromagnetism in One- or Two-Dimensional Isotropic
Heisenberg Models, Phys. Rev. Lett. 17, 1133 (1966).
[20] P. C. Hohenberg, Existence of long-range order in one and two
dimensions, Phys. Rev. 158, 383 (1967).
[21] S. Takei and Y. Tserkovnyak, Superfluid Spin Transport
Through Easy-Plane Ferromagnetic Insulators, Phys. Rev. Lett.
112, 227201 (2014).
[22] S. Takei, B. I. Halperin, A. Yacoby, and Y. Tserkovnyak, Superfluid spin transport through antiferromagnetic insulators, Phys.
Rev. B 90, 094408 (2014).
[23] H. Skarsvåg, C. Holmqvist, and A. Brataas, Spin Superfluidity
and Long-Range Transport in Thin-Film Ferromagnets, Phys.
Rev. Lett. 115, 237201 (2015).
[24] J. König, M. Chr. Bønsager, and A. H. MacDonald, Dissipationless Spin Transport in Thin Film Ferromagnets, Phys. Rev.
Lett. 87, 187202 (2001).
[25] E. B. Sonin, Spin superfluidity and spin waves in YIG films,
Phys. Rev. B 95, 144432 (2017).
[26] B. Flebus, S. A. Bender, Y. Tserkovnyak, and R. A. Duine,
Two-Fluid Theory for Spin Superfluidity in Magnetic Insulators, Phys. Rev. Lett. 116, 117201 (2016).
[27] E. Iacocca, T. J. Silva, and M. A. Hoefer, Symmetry-broken
dissipative exchange flows in thin-film ferromagnets with inplane anisotropy, Phys. Rev. B 96, 134434 (2017).
[28] T. Schneider, D. Hill, A. Kákay, K. Lenz, J. Lindner,
J. Fassbender, P. Upadhyaya, Y. Liu, K. Wang, Y.
Tserkovnyak, I. N. Krivorotov, and I. Barsukov, Self-stabilizing
exchange-mediated spin transport, Phys. Rev. B 103, 144412
(2021).
[29] B. Li and A. A. Kovalev, Spin superfluidity in noncollinear
antiferromagnets, Phys. Rev. B 103, L060406 (2021).

APPENDIX C: MAGNETIC TEXTURES

023236-6

SUPERFLUID SPIN TRANSISTOR

PHYSICAL REVIEW RESEARCH 4, 023236 (2022)

[30] V. M. L. D. P. Goli and A. Manchon, Crossover from diffusive
to superfluid transport in frustrated magnets, Phys. Rev. B 103,
104425 (2021).
[31] P. Stepanov, S. Che, D. Shcherbakov, J. Yang, R. Chen, K.
Thilahar, G. Voigt, M. W. Bockrath, D. Smirnov, K. Watanabe,
T. Taniguchi, R. K. Lake, Y. Barlas, A. H. MacDonald, and
C. N. Lau, Long-distance spin transport through a graphene
quantum Hall antiferromagnet, Nat. Phys. 14, 907 (2018).
[32] W. Yuan, Q. Zhu, T. Su, Y. Yao, W. Xing, Y. Chen, Y. Ma, X.
Lin, J. Shi, R. Shindou, X. C. Xie, and W. Han, Experimental
signatures of spin superfluid ground state in canted antiferromagnet Cr 2 O3 via nonlocal spin transport, Sci. Adv. 4, eaat1098
(2018).
[33] For J < 0, we obtain qualitatively similar results.
[34] I. Lee, F. G. Utermohlen, D. Weber, K. Hwang, C. Zhang, J. van
Tol, J. E. Goldberger, N. Trivedi, and P. C. Hammel, Fundamental Spin Interactions Underlying the Magnetic Anisotropy
in the Kitaev Ferromagnet CrI3 , Phys. Rev. Lett. 124, 017201
(2020).
[35] M. E. Gouva, G. M. Wysin, A. R. Bishop, and F. G. Mertens,
Vortices in the classical two-dimensional anisotropic Heisenberg model, Phys. Rev. B 39, 11840 (1989).
[36] Y. Tserkovnyak, J. Zou, S. K. Kim, and S. Takei, Quantum
hydrodynamics of spin winding, Phys. Rev. B 102, 224433
(2020).
[37] S. Dasgupta, S. Zhang, I. Bah, and O. Tchernyshyov, Quantum
Statistics of Vortices from a Dual Theory of the XY Ferromagnet, Phys. Rev. Lett. 124, 157203 (2020).
[38] V. Ambegaokar, B. I. Halperin, D. R. Nelson, and E. D. Siggia,
Dissipation in Two-Dimensional Superfluids, Phys. Rev. Lett.
40, 783 (1978).
[39] B. I. Halperin, G. Refael, and E. Demler, Resistance in superconductors, Int. J. Mod. Phys. B 24, 4039 (2010).
[40] J. Zou, S. K. Kim, and Y. Tserkovnyak, Topological transport
of vorticity in Heisenberg magnets, Phys. Rev. B 99, 180402
(2019).
[41] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. GarciaSanchez, and B. Van Waeyenberge, The design and verification
of mumax3, AIP Adv. 4, 107133 (2014).
[42] H. G. Katzgraber, S. Trebst, D. A. Huse, and M. Troyer,
Feedback-optimized parallel tempering Monte Carlo, J. Stat.
Mech.: Theory Exp. (2006) P03018.

[43] R. Gupta and C. F. Baillie, Critical behavior of the twodimensional XY model, Phys. Rev. B 45, 2883 (1992).
[44] A. Cuccoli, V. Tognetti, and R. Vaia, Two-dimensional XXZ
model on a square lattice: A Monte Carlo simulation, Phys. Rev.
B 52, 10221 (1995).
[45] N. Schultka and E. Manousakis, Finite-size scaling in twodimensional superfluids, Phys. Rev. B 49, 12071 (1994).
[46] K. Willa, R. Willa, J.-K. Bao, A. E. Koshelev, D. Y. Chung,
M. G. Kanatzidis, W.-K. Kwok, and U. Welp, Strongly fluctuating moments in the high-temperature magnetic superconductor
RbEuFe4 As4 , Phys. Rev. B 99, 180502 (2019).
[47] L. Webster and J.-A. Yan, Strain-tunable magnetic anisotropy
in monolayer CrCl3 , CrBr 3 , and CrI3 , Phys. Rev. B 98, 144411
(2018).
[48] S. Jiang, L. Li, Z. Wang, K. F. Mak, and J.
by
Shan,
Controlling
magnetism
in
2D
CrI3
electrostatic
doping,
Nat.
Nanotechnol.
13,
549
(2018).
[49] K. S. Burch, D. Mandrus, and J.-G. Park, Magnetism in twodimensional van der Waals materials, Nature (London) 563, 47
(2018).
[50] I. A. Verzhbitskiy, H. Kurebayashi, H. Cheng, J. Zhou, S. Khan,
Y. P. Feng, and G. Eda, Controlling the magnetic anisotropy
in Cr 2 Ge2 Te6 by electrostatic gating, Nat. Electron. 3, 460
(2020).
[51] F. Zhang, W. Mi, and X. Wang, Spin-Dependent Electronic
Structure and Magnetic Anisotropy of 2D Ferromagnetic Janus
Cr 2 I3 X3 (X = Br, Cl) Monolayers, Adv. Electron. Mater. 6,
1900778 (2020).
[52] X. Jiang, Q. Liu, J. Xing, N. Liu, Y. Guo, Z. Liu, and J.
Zhao, Recent progress on 2D magnets: Fundamental mechanism, structural design and modification, Appl. Phys. Rev. 8,
031305 (2021).
[53] M. Dupont, Y. O. Kvashnin, M. Shiranzaei, J. Fransson, N.
Laflorencie, and A. Kantian, Monolayer CrCl3 as an Ideal Test
Bed for the Universality Classes of 2D Magnetism, Phys. Rev.
Lett. 127, 037204 (2021).
[54] J. Cenker, S. Sivakumar, K. Xie, A. Miller, P. Thijssen, Z. Liu,
A. Dismukes, J. Fonseca, E. Anderson, X. Zhu, X. Roy, D.
Xiao, J.-H. Chu, T. Cao, and X. Xu, Reversible strain-induced
magnetic phase transition in a van der Waals magnet, Nat.
Nanotechnol. 17, 256 (2022).

023236-7

